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SHypoxic reoxygenation during initial reperfusion attenuates cardiac
dysfunction and limits ischemia–reperfusion injury after cardioplegic
arrest in a porcine model
U. Abdel-Rahman, MD,a P. Risteski, MD,a K. Tizi,a S. Kerscher, MD, PhD,b S. Bejati,a K. Zwicker, MD,b M. Scholz, MD, PhD,c
U. Brandt, MD, PhD,b and A. Moritz, MD, PhDa
Objective: In clinical practice, reperfusion of ischemic myocardium usually occurs under high arterial oxygen
levels. However, this might aggravate cardiac ischemia–reperfusion injury caused by excessive oxidative stress.
In an experimental in vivo study, the cardioprotective role of hypoxic reoxygenation during initial reperfusion
was assessed.
Methods: Twenty-one adult pigs were started on cardiopulmonary bypass with aortic crossclamping (90 min-
utes) and cardioplegic arrest. During initial reperfusion, 10 pigs underwent standard hypoxic reoxygenation
(PaO2, 250–350 mm Hg), whereas gradual reoxygenation (PaO2, 40–90 mm Hg) was performed in 11 pigs. Car-
diac function was analyzed by means of the thermodilution method and conductance catheter technique.
Results: In both groups cardiac index was decreased 10 minutes after cardiopulmonary bypass compared with
preoperative values. Sixty minutes after cardiopulmonary bypass, cardiac index improved significantly after grad-
ual reoxygenation compared with that after hypoxic reoxygenation (3.2  0.6 vs 2.5  0.5 L $ min1 $ m2, P ¼
.04). Correspondingly, end-systolic pressure–volume relationship and peak left ventricular pressure increase were
significantly less decreased in the gradual reoxygenation group. During and after reperfusion, malondialdehyde
and troponin T values within the coronary sinus were significantly lower after gradual reoxygenation (60 minutes
after declamping: malondialdehyde, 7.6  0.8 vs 4.6  0.5 mmol/L [P ¼ .007]; troponin, 0.12  0.02 vs 0.41 
0.12 ng/mL [P ¼ .02]).
Conclusion: Hypoxic reoxygenation at the onset of reperfusion attenuates myocardial ischemia–reperfusion
injury and helps to preserve cardiac performance after myocardial ischemia in a pig model.Myocardial ischemia–reperfusion (IR) injury is a complex
pathophysiologic process that is initiated at the very early
moments of reperfusion and restoration of coronary blood
flow after ischemia. The underlying mechanisms of myocar-
dial IR injury have not been fully elucidated, and there are
several factors playing an important role in the pathogenesis
of IR injury.1,2 Clearly, one of the major contributors to
myocardial IR injury is the rapid generation of free oxygen
radicals during early reperfusion of the ischemic heart.
Although the pathogenic effects of hyperoxia on cellular
metabolism are well known,3 the conventional method of
conducting cardiopulmonary bypass (CPB) with cardiac ar-
rest is to maintain high oxygen levels. The relationship be-
tween oxygen-induced radical production and impairment
of myocardial energy metabolism, as well as myocardial
dysfunction, after reperfusion was clearly shown.4-6 In addi-
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vates postischemic myocardial stunning.7,8
Clinically, the issue of IR injury concerns both cardiac
surgeons and cardiologists because of the fact that myocar-
dial reperfusion injury occurs in a setting of global ischemia
in cardiac surgery, as well as more regionally in patients
undergoing percutaneous coronary interventions for acute
ischemia. Recently evolving postconditioning strategies de-
scribe multiple cardioprotective modalities to attenuate IR
injury whereby hypoxic postconditioning reduces reoxyge-
nation-induced injury.9,10 However, there is still a lack of ex-
perimental in vivo studies investigating the effect of such
cardioprotective strategies on cardiac function in complex
heart surgery, as well as interventional cardiology, with the
aim of routine clinical application.11
The present porcine in vivo study uses hypoxic reoxyge-
nation (HR) to limit myocardial IR injury. We hypothesize
that gradual reoxygenation (GR) on aortic declamping re-
duces IR injury after prolonged myocardial ischemia caused
by decreased oxidative stress and myocardial injury.
MATERIALS AND METHODS
Study Design
We used an acute porcine model of CPB with 90 minutes of aortic clamp-
ing and cardioplegic arrest, 30 minutes of reperfusion, and 60 minutes of
observation time.rgery c April 2009




CPB ¼ cardiopulmonary bypass
EDPVR ¼ end-diastolic pressure–volume
relationship
ESPVR ¼ end-systolic pressure–volume
relationship
GR ¼ gradual reoxygenation
HR ¼ hypoxic reoxygenation
IR ¼ ischemia–reperfusion
MDA ¼ malondialdehyde
Twenty-one German landrace pigs were operated on with a mean body
weight of 47.8 3.5 kg. The animals were randomly divided into 2 groups.
Ten pigs underwent HR (PaO2, 250–350 mm Hg) according to usual stan-
dards during the first 10 minutes of reperfusion. In 11 pigs GR was started
for 2 minutes at hypoxic levels (PaO2, 40–50 mm Hg) before declamping and
continued for a consecutive 10 minutes at higher oxygen levels (PaO2, 50–90
mm Hg) after aortic declamping. After the first 10 minutes of reperfusion,
normoxic conditions were established again in both groups.
Experimental Setting
The animals were premedicated with intramuscular application of ket-
amine (30 mg/kg; Ketavest; Pharmacia, Erlangen, Germany), xylazine (2
mg/kg; Rompun; Bayer AG, Leverkusen, Germany), and midazolam (0.1
mg/kg; Dormicum; Roche Pharma AG, Reinach, Switzerland). General an-
esthesia and relaxation were achieved by administering fentanyl (1.5 mg $
kg1 $ h1; B. Braun AG, Melsungen, Germany), propofol (2 mg/kg for ini-
tiation and 10 mg $ kg1 $ h1 for maintenance; Disoprivan 2%; Astra
Zeneca GmbH, Wedel, Germany), and pancuronium (0.1–0.2 mg $ kg1 $
h1; Curamed Pharma GmbH, Karlsruhe, Germany).
After tracheotomy, the pigs were started on a volume-controlled respirator
(EVITA 2; Fa. Dra¨ger, Lu¨beck, Germany). The left internal jugular vein and
left femoral artery were dissected for catheter placement. A thermodilution
catheter (Baxter Healthcare Corp, Edwards Division, Santa Ana, Calif) was
placed through the right internal jugular vein and advanced through the right
atrium into the pulmonary artery. A cardiac output monitor (Model 9520A;
Baxter Healthcare Corp, Edwards Division) was used for hemodynamic as-
sessment. The conductance catheter was inserted through the right carotid ar-
tery and positioned through the aortic valve in the apex of the left ventricle.
Data were evaluated with a Cardiac Function Analyzer (Leycom CFA-512;
Leyden, The Netherlands). Monitoring included electrocardiography and ar-
terial blood pressure, central venous pressure, pulmonary artery pressure, and
blood temperature measurement (Marquette Solar 8000; GE Yorkshire,
United Kingdom). Arterial blood gas, electrolyte, and hemoglobin levels
were determined with a blood gas analyzer (Blood Gas System 288; Ciba–
Corning, Medfield, Mass). Blood gases were maintained at physiologic pH,
PaCO2 at 30 to 40 mm Hg, and PaO2 at 90 to 120 mm Hg before and after CPB.
After induction of anesthesia and instrumentation, median sternotomy
was performed in the usual manner. After opening of the pericardium, the
left anterior descending coronary artery was dissected in its middle segment,
and a 2.0-mm flow probe was placed (Transonic T206; Transonic Systems,
Inc, Ithaca, NY) for coronary flow measurements with an ultrasound device
(Transonic Flow-QC; Transonic Systems, Inc). A coronary sinus catheter
was placed for taking blood samples.
The study protocol was approved by the Committee for Animal Research
at the JW Goethe University, Frankfurt/Main, Germany. The study was per-
formed according to the guidelines for animal experiments in Germany (Op-
erative Eingriffe bei Versuchstieren formulated by the German Society for
Animal Science and the ‘‘Guide for the care and use of laboratory animals’’
prepared by Gesellschaft fu¨r Versuchstierkunde, published 2001).The Journal of Thoracic andCardiopulmonary Bypass
Systemic heparinization was administered (350 IU/kg body weight;
Liquemin Roche, Grenzach–Wyhlen, Germany), and activated coagulation
time during CPB was adjusted to greater than 400 seconds (Hemo Tec, Inc,
Eaglewood, Colo). The aorta and right atrium were cannulated with an 18F
flexible arterial cannula (Medtronic AG, Du¨sseldorf, Germany) and a 32F
2-stage venous cannula (DLP, Medtronic AG). A complete preconnected
tubing set with membrane oxygenator (HILITE 7000) and cardiotomy res-
ervoir (MV420; Medos Medizintechnik AG, Stolberg, Germany) was used
with a standard roller pump (Fa. Sto¨ckert). Priming volume consisted of
Ringer solution (1600 mL) and 5000 IU of heparin. During CPB, arterial
oxygen levels were continuously measured with an inline oxygen determi-
nation device (CDI 500; Cardiovascular Devices, Inc, Irvine, Calif).
All animals were started on normothermic (36C–38C) CPB for 120
minutes. After aortic crossclamping of 90 minutes, animals were weaned
from CPB after 30 minutes of reperfusion. Cardiac arrest was initially
achieved by means of a 2-minute antegrade infusion of warm blood cardi-
oplegic solution, as described by Calafiore and colleagues,12 and repeated
every 20 minutes. Perfusion pressure during CPB was maintained at 50 to
60 mm Hg. After 30 minutes of reperfusion and weaning from CPB, an ob-
servation period of 60 minutes followed for hemodynamic measurements
and taking blood samples, as mentioned below. At the end of the experi-
ment, animals were killed.
End Points
Hemodynamic parameters. At steady-state conditions, the fol-
lowing parameters were measured before and 10, 30, and 60 minutes after
CPB by using the thermodilution method: cardiac index, systemic vascular
resistance index, pulmonary vascular resistance index, left ventricular
stroke work index, and left ventricular end-diastolic pressure.
By using the conductance catheter technique, left ventricular perfor-
mance was evaluated by determining the following parameters13:
end-systolic pressure–volume relationship (ESPVR, end-diastolic pres-
sure–volume relationship (EDPVR), and peak left ventricular pressure
increase. The ESPVR and EDPVR were obtained from reduction of the pre-
load by intermittent vena caval occlusion in a linear model. The conductance
catheter system was calibrated by means of injection of hypertonic saline
into the pulmonary artery.
Coronary blood flow. Coronary flow measurements of the left ante-
rior descending coronary artery were performed before and 10, 30, and 60
minutes after CPB.
Number of defibrillations. During the reperfusion period of 30
minutes, the number of defibrillations was assessed. In case of ventricular
fibrillation, the heart was defibrillated with 10 J (Lifepack 9; Physio-Control
Corp, Redmond, Wash).
Myocardial ischemic damage. The troponin T concentration was
assessed in micrograms per liter (Roche Diagnostics GmbH, Mannheim,
Germany) in the coronary sinus blood before CPB and 20 and 60 minutes
after aortic declamping.
Oxidative stress (lipid peroxidation). The concentration of
malondialdehyde (MDA) in coronary sinus blood was assessed in blood
samples obtained before CPB, as well as 10, 20, and 60 minutes after aortic
declamping. Blood was stored on ice before centrifugation (4C and 2500g
for 10 minutes) for a maximum of 10 minutes in precooled ethylenediamine
tetra-acetic acid tubes. Plasma samples were rapidly frozen at80C for
later analysis. Two hundred microliters of plasma supernatant was used to
determine MDA levels by using a spectrophotometric method with the Lipid
Peroxidation Assay Kit (Calbiochem, San Diego, Calif).
Statistics
Statistical analysis was performed by using the BIAS software package
(version 8.4.2) provided by Johann Wolfgang Goethe University, Frankfurt/
Main, Germany. Differences between groups were tested with a 2-tailedCardiovascular Surgery c Volume 137, Number 4 979
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STABLE 1. Hemodynamic parameters
Before CPB 10 Min after CPB 30 Min after CPB 60 Min after CPB
HR GR HR GR HR GR HR GR P value
CI (L $ min1 $ m2) 3.2  0.6 3.1  0.7 2.8  0.5 3.0  0.8 2.6  0.5 3.1  0.8 2.5  0.5 3.2  0.6 .04
HR (beats/min) 85  5 82  5 93  6 95  6 94  7 93  5 95  8 91  5 .5
dP/dtmax (mm Hg $ s
1 $ m2) 2085  299 2116  211 1445  212 1503  245 1490  219 1763  262 1518  229 1820  285 .02
LVSWI (Kg $ m2) 28.9  1.6 30.2  1.2 17.9  2.1 17.7  2.2 15.5  2.2 20.1  2.4 15.8  2.4 21.4  2.3 .1
ESPVR (mm Hg $ mL1) 2.05  0.6 2.11  0.5 1.59  0.6 1.66  0.5 1.65  0.5 1.81  0.5 1.62  0.5 1.85  0.6 .01
EDPVR (mm Hg $ mL1) 7.89  1.1 7.71  1.2 5.77  1.6 5.93  1.4 5.90  1.6 6.23  1.5 5.88  1.8 6.34  1.2 .08
LVEDP (mm Hg) 9.7  1.4 10.2  1.1 11.0  1.6 11.7  1.7 12.9  1.7 12.2  1.3 14.4  1.4 12.3  1.5 .03
SVRI (dyn $ sec $ cm5 $ m2) 1666  109 1744  60 1061  127 1029  83 1095  115 970  70 1223  121 960  97 .1
PVRI (dyn $ sec $ cm5 $ m2) 223  12 213  19 303  39 237  22 314  41 273  21 339  32 309  21 .5
CPB, Cardiopulmonary bypass;HR, hypoxic reoxygenation; GR, gradual reoxygenation; CI, cardiac index; HR, heart rate; dP/dtmax, peak left ventricular pressure increase; LVSWI,
left ventricular stroke work index; ESPVR, end-systolic pressure–volume relationship; EDPVR, end-diastolic pressure–volume relationship; LVEDP, left ventricular end-diastolic
pressure; SVRI, systemic vascular resistance index; PVRI, pulmonary vascular resistance index.Wilcoxon–Mann–Whitney U test. Significance of multiple comparisons be-
tween groups was determined with multivariate analyses by using the Hotel-
ling t2 test. The data are expressed as the mean standard error of the mean.
RESULTS
Of 27 pigs, only 21 could be included in the study. In 6
cases early termination of the experiment was required: 2
pigs had pericarditis, 2 had myocardial infarction caused
by preoperative stress, 1 had an aortic dissection caused
by cannulation, and 1 had a bleeding complication. Body
weight and body surface area did not differ between the
HR group (n¼ 10) and the GR group (n¼ 11; body weight,
47.3  3.6 vs 48.2  3.4 kg; body surface area, 1.19 0.04
vs 1.20  0.04 m2).
Cardiac Function and Hemodynamic Parameters
Generally, all parameters of myocardial performance
showed a marked decrease 10 minutes after CPB in both
groups; however, 30 and 60 minutes after the end of CPB,
these parameters improved again after GR, whereas they re-
mained at a low level in the HR group (Table 1). Sixty min-
utes after CPB, cardiac index reached preoperative levels in
the GR group, whereas values further decreased after HR,
showing a significant difference (3.2  0.6 vs 2.5  0.5
L $ min1 $ m2, P ¼ .04). The left ventricular stroke work
index also tended to recover better after GR compared
with HR at 60 minutes after CPB without reaching statistical
significance. Correspondingly, ESPVR and peak left ven-
tricular pressure increase displayed a continuous increase
in both groups; however, there was a significant difference
between groups 60 minutes after CPB, with a better systolic
performance in the GR group. Values of EDPVR and left
ventricular end-diastolic pressure showed less diastolic dys-
function and myocardial stiffness after GR. The values for
systemic vascular resistance index displayed a tendency to
be constantly lower in the GR group than in the HR group
during the observation period. Pulmonary vascular resis-
tance index showed a marked increase after HR 10 minutes980 The Journal of Thoracic and Cardiovascular Surafter CPB compared with GR, with a constant increase in
both groups up to the end of the observation period.
Coronary Flow
Coronary flow was increased significantly in both groups
10 minutes after CPB compared with preoperative values,
without exhibiting a significant difference between groups.
Defibrillation
After aortic declamping, more defibrillations were re-
quired after HR compared with after GR (number of defibril-
lations, 3.0  2.0 vs 1.7  0.9; P ¼ .07).
Troponin T
In both groups troponin T values increased continuously
after aortic declamping, but the increase was markedly pro-
nounced in the HR group. Statistically significant differ-
ences between groups were observed 20 and 60 minutes
after declamping (eg, 60 minutes: 0.12  0.02 vs 0.41 
0.12 ng/mL; P ¼ .02; Figure 1).
Lipid Peroxidation
After aortic declamping, MDA levels increased continu-
ously in the HR group throughout the measurements, reach-
ing the highest values after 60 minutes. After GR, MDA
values increased only slightly during early reperfusion and
decreased 60 minutes after aortic declamping, reaching a sig-
nificant difference between groups (7.6  0.8 vs 4.6  0.5
mmol/L, P ¼ .007, Figure 2).
DISCUSSION
Myocardial reperfusion has been referred to as a double-
edged sword because reperfusion itself can lead to
accelerated and additional myocardial injury beyond that
generated by ischemia alone.14 In times of challenging
high-risk patients requiring complex cardiac surgery, CPB
with prolonged cardiac arrest reduction of cardiac damagegery c April 2009
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Sis of key interest. However, cardiac arrest inevitably means
global myocardial ischemia followed by reperfusion after
restoration of coronary flow at the end of the procedure.
Similar phenomena occur when target vessels are revascu-
larized in the treatment of acute myocardial ischemia.
There is general agreement that oxygen free radicals are
involved in postischemic contractile dysfunction.15 Espe-
cially at the onset of reoxygenation, free radical production
can overwhelm the endogenous scavenging capacity. Lipid
peroxidation associated with oxidative stress has been pro-
posed to directly contribute to cardiac arrhythmias and fibril-
lation.16 In the 1980s, Buckberg17 popularized the concept
of reperfusion injury and described the rationale of normoxia
during CPB, resulting in improved cardiac function after
normoxic reperfusion of ischemic myocardium. Limiting
oxygen pressure at reperfusion limits oxygen radical produc-
tion by reducing substrate availability, thereby promoting
resumption of cell membrane pump function and allowing




























FIGURE 1. Troponin T: serum levels from coronary sinus blood. Com-
pared with preoperative values, troponin T concentrations were significantly
increased at 20 and 60 minutes after aortic declamping in both the hypoxic
reoxygenation (HR) and gradual reoxygenation (GR) groups; however, this
increase was almost 4-fold larger in the HR group. Data are presented as the
mean standard error of the mean. *Significant differences between groups
(P<.05). #Significant differences from preoperative values (P<.05).CPB,
Cardiopulmonary bypass.The Journal of Thoracic andIn our in vivo pig model, it could be observed that GR
leads to significantly less impairment of cardiac function, re-
duced myocardial injury, and decreased lipid peroxidation
consistent with less severe oxidative stress.
At the end of the observation period, almost all physio-
logic and hemodynamic parameters investigated in this
study (cardiac function, coronary flow, and number of defi-
brillations) were significantly better after GR in contrast to
those after HR. It is well known that CPB with or without
cardiac arrest leads to significant depression of systolic
and diastolic left ventricular function, according to the con-
ductance catheter technique.18,19 Based on the present re-
sults, it is obvious that GR after prolonged myocardial
ischemia has a beneficial effect on postoperative cardiac
and hemodynamic performance. Especially systolic function
was better preserved, and diastolic performance was less im-
paired. Moreover, recurrent episodes of ventricular fibrilla-
tion during reperfusion, indicating a more disturbed ionic
homeostasis based on increased intramyocyte sodium con-
tent,20 were less frequently observed after the GR protocol.
Results of the present study also indicate that oxidative
stress during HR leads to markedly increased MDA produc-
tion in the early reperfusion period, confirming earlier find-
ings.21,22 Normoxic conditions during CPB might limit lipid























FIGURE 2. Lipid peroxidation: malondialdehyde (MDA) concentrations
measured in coronary sinus blood samples. Compared with preoperative
values, a significant increase in MDA concentrations was observed at 20
and 60 minutes after aortic declamping only in the hypoxic reoxygenation
(HR) group. *Significant differences between groups (P<.05). #Significant
differences from preoperative values (P< .05). CPB, Cardiopulmonary
bypass; GR, gradual reoxygenation.Cardiovascular Surgery c Volume 137, Number 4 981




In the early onset of myocardial reperfusion, hypoxic con-
ditions lead to severe IR injury in terms of increased oxida-
tive stress and consequently decreased cardiac function. In
contrast, GR results in significantly reduced oxidative and
myocardial damage and significantly less impaired cardiac
performance in the present in vivo pig model. Therefore
HR during initial reperfusion, in the context of other preven-
tive or therapeutic cardiac interventions, is likely to be
beneficial in terms of cardioprotection. However, clinical
evaluation of appropriate reoxygenation strategies in dis-
eased patients is recommended.
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